Published: March 27, 2020

Introduction {#sec1}
============

Catalytic reactions constitute the most effective and environmentally friendly transformations available in the contemporary chemical industry. Synthetic studies of various catalytic cycles helped to improve the performance and selectivity levels of practically important transformations. However, the standards seen in the biochemical reactions catalyzed by natural enzymes are not achieved yet.

Although it had been noticed already quite early that the bulkiness of a catalyst usually improves its performance, it had been thought for many years that this is due to the increasing limitation of space remaining for the coordination of the substrate. Recently, it has been recognized, however, that in fact the bulkiness of the ligands increases the number of non-covalent attractive disperse interactions, thus stabilizing intermediates and transition states.

Differing from covalent interactions, which can be easily detected and analyzed in molecular structures, London forces, one of a number of noncovalent interactions, are difficult to observe within the bonding network ([@bib20]; [@bib36]). Recently, it has been recognized that the London dispersion interactions, a type of van der Waals interaction, play an important role in improving reactivity and securing the generation of chirality in the asymmetric catalytic reactions; most examples have been reported in the fields of biochemistry and organocatalysis ([@bib20], [@bib36], [@bib5], [@bib38], [@bib16], [@bib33], [@bib28], [@bib27], [@bib10], [@bib30], [@bib29]). The significant effects of London dispersion interactions between substrate and ligand in homogeneous transition-metal catalyzed enantioselective transformations have been less widely described ([@bib37], [@bib7], [@bib24], [@bib35], [@bib11], [@bib4], [@bib22], [@bib25], [@bib39], [@bib32], [@bib26]).

In the mainstream of the theory of molecular catalysis, the selectivity of catalytic reactions is thought to be mainly determined by the difference in stabilities of diastereomeric transition states of the rate-determining stages of the catalytic cycles. The importance of the relative stabilities of the precursors is largely neglected, mostly due to established traditions, although the equilibrium constant reflecting the relative abundance of the precursors is clearly seen in the equation for calculating selectivity (e.g., [Equation 1](#fd1){ref-type="disp-formula"}).

In some of our own recent studies, we have found that the approach of the substrate to the catalyst ([@bib23]) or intramolecular rearrangement of the initially formed encounter complex ([@bib19], [@bib14], [@bib15], [@bib12], [@bib13]) was seemingly strongly affecting the high enantioselectivities experimentally observed in these catalytic reactions.

Herein we report for the first time a clear-cut case in which the relative stabilities of the competing transition states are irrelevant for the handedness and order of enantioselection. Instead, the initially formed weak encounter complexes are rearranging, keeping the substrate coordinated via intermolecular C−H ··· H−C interactions, and the existence of a favorable pathway between the encounter complex and the active site discriminates between productive and unfavorable encounter complexes. This behavior mimics the experimentally supported and well-documented mechanism of perfect enantioselectivity in enzymatic transformations ([@bib6], [@bib34], [@bib40], [@bib1]).

Our computational results reported in this paper demonstrate clearly that:(1)Numerous additional *t-*Bu (and OMe) substituents seen in the (*R*)-DTBM-SegPHOS provide an extended framework of C−H ··· H−C interactions for coordination of a substrate. In the S-pathway of the asymmetric hydrogenation, an encounter complex is formed already at the long distances between the reactive centers. Furthermore, the substrate remains safely coordinated during its accommodation leading to the formation of highly reactive configuration. The same is not possible for the *R*-pathway that results in a high S-enantioselectivity of the reaction. This completely unrecognized mechanism of enantioselection provides important information for directed catalyst design.(2)The decisive factor determining the enantioselectivity is the Boltzmann distribution between *S*- and *R-* precursors that reaches approximately 2,300:1, whereas the ratio of the rates of competing reactions is much smaller.(3)The lack of an extended framework of C−H ··· H−C interactions in the unsubstituted SegPHOS catalyst makes its Pd-complex ineffective.(4)The extended network of C−H ···H−C interactions is able to stabilize intermediates with significant charge separation, as is seen in the example with the catalytic C-O bond cleavage reaction. This conclusion opens the door for discovering so far unknown catalytic transformations.(5)The overall picture of effective and stereoselective catalytic transformations outlined in this work closely resembles the highly specific enzymatic reactions taking place in Nature.

Results and Discussion {#sec2}
======================

Scope of the Study {#sec2.1}
------------------

Recently, palladium-catalyzed asymmetric hydrogenations of α-acyloxy-1-arylethanones were reported by our group ([@bib2]) ([Scheme 1](#sch1){ref-type="fig"}A). Interestingly, only (*R*)-DTBM-SegPHOS (**L1**) proved to be an effective catalyst (up to 5,000 S/C), whereas structurally similar ligands **L2--L4** with non-substituted phenyl rings were ineffective. Remarkably, application of the same catalytic system to the same substrates in acetone instead of EtOH/TFE led to a different reaction yielding the corresponding ketones even at low catalytic loadings ([@bib3]; [Transparent Methods 6](#mmc1){ref-type="supplementary-material"}) ([Scheme 1](#sch1){ref-type="fig"}B). In this case, the application of heavily substituted ligand **L1** was also essential.Scheme 1Enantioselective Hydrogenation and C-O Bond Cleavage of α-Acetoxy Ketones

We have tried to isolate the Pd-complexes and identify palladium hydrogen species of DTBM-SegPHOS by NMR, but our attempts were unsuccessful. Nevertheless, according to the recent mechanistic studies, hydrogenation of the precatalyst in a similar system results in generation of a Pd^+^−H complex **2** that was shown to be an active species ([Scheme 2](#sch2){ref-type="fig"}) ([@bib9]). Hence, we investigated the enantioselective reactions of **2a** and **2b** with **1a**-**c** (*t*-Bu, Ph, Me, see [Supplemental Information](#appsec1) for their enantioselectivities and yields), since **1a** afforded the highest enantioselectivity detected experimentally, whereas **1b** and **1c** provide representative examples of various substituted substrates.Scheme 2Computed Catalytic Cycles for the Enantioselective Hydrogenation of **1a** with **2a** and **2b**

Catalytic Cycle of Pd-Catalyzed Asymmetric Hydrogenation {#sec2.2}
--------------------------------------------------------

The catalytic cycle computed for the hydrogenation of **1a** is shown in [Scheme 2](#sch2){ref-type="fig"}. Hydride transfer takes place after the proper orientation of the C=O bond is achieved in the adduct **3a** via **1a·2a**. The resulting alkoxide **4a** coordinates an H~2~ molecule, and insertion of hydride into the Pd-O bond releases the product **6a** and regenerates the catalyst **2a**. Of interest is the strongly exothermic formation of the reactive catalyst-adduct **3a**. Moreover, when calculating the approach of the substrate to the catalyst, we observed the initial formation of an adduct **1a·2a**, which is approximately 12 kcal/mol more stable than **3a** in terms of electronic energy; this results in a 2.5 kcal/mol difference in free energy ([Figure 1](#fig1){ref-type="fig"}). The adduct **1a·2a** is formed via numerous weak intramolecular interactions between the *t*-Bu groups of the catalyst and the substrate (see [Figure 2](#fig2){ref-type="fig"}). Noteworthy, the highest point of the catalytic cycle, **TS2a**, is 5.5 kcal/mol more stable than the initial mixture of the catalyst and the substrate ([Scheme 2](#sch2){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}, entry 1).Figure 1The Energy Profiles of the Catalytic Cycles for the Hydrogenation of **1a** with **2a** and **2b**Figure 2Optimized Structures of **1a·2a** and **3a** and Stabilizing Intramolecular Interactions (Shown in Dashed Lines): C-H ··· H-C (Violet), C-H ··· O (Red) and C-H ··· π (Green)See text for detailsTable 1Relative Gibbs Free Energies (kcal/mol) of Intermediates and Transition States of the Catalytic CyclesEntrySubstrate, Catalyst, Pathway3TS145TS26**·**21**1a, 2a (*S*)**−19.7−14.3−19.4−11.2−5.5−29.22**1a, 2a (*R*)**−21.2−14.7−15.4−15.0−8.0−31.93**1b, 2a (*S*)**−8.2−1.9−9.10.210.1−21.64**1b, 2a (*R*)**−7.1−1.5−10.2−5.36.9−23.65**1c, 2a (*S*)**−8.8−2.4−8.4−2.97.5−15.96**1c, 2a (*R*)**−9.80.2−13.6−0.40.8−19.77**1a, 2b (*S*)**−16.1−12.9−14.5−4.52.1−25.68**1a, 2b (*R*)**−17.4−6.6−11.9−1.73.4−25.59**1b, 2b (*S*)**−8.5−2.3−3.58.121.8−12.410**1b, 2b (*R*)**−5.43.5−1.85.013.6−15.311**1c, 2b (*S*)**−5.8−0.3−0.63.713.7−16.812**1c, 2b (*R*)**−8.62.1−1.55.513.8−18.0[^2]

The relative stability of **1a·2a,** as well as of **3a,** is due to the numerous weak intramolecular interactions between the substrate and *t*-Bu groups of the catalyst **2a** ([Figure 2](#fig2){ref-type="fig"}). There are ten C-H ··· H-C interactions in the range of 2.21--2.68 Å, two C-H ··· π interactions (2.94 and 3.10 Å), and two C-H ··· O interactions (2.70 and 2.92 Å). To achieve a configuration that is appropriate for rapid hydrogenation (**3a**), half of the C-H ··· H-C interactions must be broken, accounting for the energy difference of 2.5 kcal/mol between **1a·2a** and **3a**.

Comparison of Three Catalytic Systems {#sec2.3}
-------------------------------------

In the case of the computed catalytic cycle for **2b** catalyzed hydrogenation of **1a**, the *t*-Bu groups in the catalyst are absent ([Scheme 2](#sch2){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}, entry 7) and the encounter complex **1a·2b** is less stable than the reactive catalyst-substrate complex **3b** ([Figure 1](#fig1){ref-type="fig"}, −13.3 kcal/mol versus −16.1 kcal/mol). Moreover, since **TS2b** is 2.1 kcal/mol less stable than **1a** + **2b**, **3b** is more likely to dissociate back to **1a** + **2b**, than to undergo two migratory insertions yielding the hydrogenation product. The importance of *t*-Bu groups within the catalyst for binding the substrate is further illustrated by the computational results for the catalytic cycles with the catalyst **2b** and the substrates **1b, c** ([Table 1](#tbl1){ref-type="table"}, entries 9--12) that lack *t*-Bu groups themselves. Graphically, this conclusion is illustrated in [Figure 3](#fig3){ref-type="fig"}, which shows that a significant difference in stabilizing energy is observed throughout the whole process for the approach of the substrate to the catalyst; this applies to all three studied examples, although the extent of this stabilization is evidently smaller in the two latter cases.Figure 3Scans of the Relative Energy Versus the Interatomic Distance Pd-O(A) For **1a** approaching **2a** (red) and **2b** (blue); (B) for **1b** approaching **2a** (red) and **2b** (blue); (C) for **1c** approaching **2a** (red) and **2b** (blue). In each case the energy of separated species is taken as the zero point.

Interestingly, the observed high *S*-enantioselectivity in the hydrogenation of **1a** with **2a** as a catalyst 97% ee (*S*) cannot be satisfactorily accounted for by the computed parameters of the catalytic cycles using the common approach based on the relative stabilities of the corresponding transition states. Indeed, the relative stabilities of either **TS1** or **TS2** for *S*- and *R*-pathways do not demonstrate the regularity expected in the case if the stereoselection was to take place in either or both of these states.

To gain further insight into the mechanism of enantioselection in this case, we have studied in detail the process of the formation of reactive complexes **3(*S*)** and **3(*R*)**. Inspecting [Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, one can see that the association pathways differ significantly starting from the Pd-O distances of approximately 15 Å. Moreover, a deep minimum corresponding to the formation of **1a·2b** is not observed in the case of the *R-*pathway. Therefore, almost complete dissociation must take place for the convergence of these pathways, and the enantioselectivity is largely determined by their relative abundance.Figure 4Scans of the Relative Energy Versus the Interatomic Distance Pd-O**1a** approaching **2a** to form S-product (red) and R-product (orange). Note the similarity of the orange curve to the blue curve in the [Figure 3](#fig3){ref-type="fig"}A---both belong to reactions that do not take place.Figure 5Structures of the Catalyst-Product Adducts at Different Distances Pd-OTop: In the case of the *S*-pathway, the substrate can approach the reactive site moving in the valley between several t-Bu groups keeping numerous C-H interactions to reach the deep minimum with the oxygen atom of t-BuCO group coordinated to Pd. Bottom: The same level of stabilization cannot be achieved in the R-pathway, because the C~4~H~3~OCO group (C~4~H~3~O: furyl) must be kept dissociated to be able to switch the prochiral planes. Even at 15 Å the modes of coordination are different; therefore, to cross-over the pathways, the substrate must come back at least thus far.

Since the *R*-pathway does not have really deep minima, we were unable to estimate accurately the free energy gap between two pathways. For an approximate estimation we used the coefficient 4.8 obtained above from comparing the differences in electronic energies and Gibbs free energies between **1a·2a(*S*)** and **3a(*S*)** (*vide supra*). Thus, the difference of 22 kcal/mol (see [Figure 4](#fig4){ref-type="fig"}) approximately corresponds to 4.6 kcal/mol difference in Gibbs free energy for **1a·2a(*S*)** and **1a·2a(*R*)** that gives a 2,343:1 ratio of precursors.

In the case of complete absence of exchange between the precursors, the optical yield is determined entirely by their relative abundance ([@bib17], [@bib21], [@bib8], [@bib31], [@bib18]) and the estimated value of the free energy difference attests for the perfect *S*-enantioselection, whereas the experimental ee value is 97% ee (*S*).

In the Curtin-Hammett conditions (all equilibria between the precursors are faster than productive transformations) the ee should be estimated by [Equation 1](#fd1){ref-type="disp-formula"} ([@bib18]).$$\frac{\left\lbrack S \right\rbrack}{\left\lbrack R \right\rbrack} = K_{eq}\left( \frac{k_{i}}{k_{i^{\text{'}}}} \right)$$

Using [Equation 1](#fd1){ref-type="disp-formula"}, data of [Table 1](#tbl1){ref-type="table"} for **TS1** and **TS2**, and assuming instant achievement of equilibrium, we can obtain:

That corresponds to 89% ee (*S*), an underestimation, but still clearly indicating the strong *S*-bias.

We conclude therefore that the enantioselection in the reaction under study is determined by the relative abundance of the precursors, which is a relatively rare case, although there is precedence of such a phenomenon ([@bib23], [@bib8], [@bib31]).

We are convinced that the presented evidence demonstrates an important feature of bulky catalysts, approaching in size to natural enzymes and able to participate in a large number of weak intramolecular interactions with the substrate. Similarly to the enzymatic catalysis ([@bib33]), the initial weak encounter complexes are formed not selectively (Pd-O distances from 20 to 15 Å in the [Figure 4](#fig4){ref-type="fig"}). But the pathways for the closer association ultimately leading to the configuration appropriate for a very fast transformation are significantly different ([Figure 5](#fig5){ref-type="fig"}), thus ensuring high selectivity of the overall reaction.

It is clear that similar differences in the ability to bind the substrate and keep it in a proper conformation must be observed in the destructive C−O bond cleavage reaction that can also be catalyzed by the palladium complex of the ligand **L1**, whereas the palladium complex of **L2** is ineffective.

Catalytic Cycle of Pd-Catalyzed C-O Bond Cleavage {#sec2.4}
-------------------------------------------------

We have investigated several possibilities for the hydride source in the destructive hydrogenation and have found that neither Pd−H species like **3** nor Pd−H~2~ species like **5** ([Scheme 2](#sch2){ref-type="fig"}) were capable of promoting the hydride transfer resulting in the destructive C−O bond cleavage leading to the corresponding product **12** ([Scheme 3](#sch3){ref-type="fig"}) ([Transparent Methods 5](#mmc1){ref-type="supplementary-material"}). On the other hand, it was possible to locate transition states for the hydride transfer starting from the acetone alcoholate **8**, which can easily be formed from complex **7** under the reaction conditions through the transition state **TS3**. It is not further hydrogenated to 2-propanol because, in the presence of excess acetone, the formation of molecular hydrogen complex **14** is strongly endogonic ([Scheme 3](#sch3){ref-type="fig"}). On the other hand, **1a** is firmly bound via the numerous weak intramolecular interactions, similar to the previous case.Scheme 3Mechanism of the C−O Bond Cleavage

Initially, we expected that the OPiv-anion (Piv: pivaloyl) must remain attached to the Pd after the C−O bond is broken. However, the calculations showed that, in the case of this orientation of the substrate, the hydride must approach the carbon atom from the side of the broken C−O bond ([Figure 6](#fig6){ref-type="fig"}, **TS5a**). This makes this TS more than 30 kcal/mol less stable than another TS ([Figure 6](#fig6){ref-type="fig"}, **TS4a**) whereby the keto group of the substrate is coordinated to Pd and the OPiv group is replaced by the hydride similar to the usual S~N~2 reaction. Despite the charges separation, the transformation from **9** to **10** was computed to proceed with an activation barrier of 28.3 kcal/mol; this is in reasonable agreement with the experimental results ([@bib24]) (For the mechanism experiments see [Table S1](#mmc1){ref-type="supplementary-material"}). The latter structure is not a real minimum. It spontaneously rearranges to the much more stable product **11** ([Scheme 3](#sch3){ref-type="fig"}), resulting in a strongly exogonic (41.7 kcal/mol) transformation. The transition state **TS4b** for the Pd-SEGPHOS (Pd-**L2**) catalysis corresponds to an activation barrier of 44.8 kcal/mol.Figure 6Partial Plots of the Transition States for the Destructive C−O Bond CleavageIn TS4a, the hydride originating from the isopropyl alcoholate substitutes the Opiv anion in an SN2 fashion. The alternative mode of substitution via TS5a is disfavoured by more than 30 kcal/mol (32.2 kcal/mol). Numbers indicate interatomic distances in Angström.

We have detected the production of a small amount of isopropanol in the reaction mixture by GC-MS ([Transparent Methods 6](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc1){ref-type="supplementary-material"}) (The substrate **1a** \[R = furyl\] had not been previously tried in the destructive C−O bond cleavage reaction. Hence, the corresponding experiment was carried out. Complete conversion of **1a** was achieved after 24 h reaction at 80°C and 50 atm of H~2~. See [Supplemental Information](#appsec1) for detail.). This result revealed the possibility that acetone takes part in the hydride transfer.

It is known that numerous London dispersion forces allow the Gecko a possibility to walk on walls or ceilings keeping its body upside down. The abundance of *t*-Bu groups in the molecule of the catalyst **2a** provides opportunity for a substrate to overcome Brownian motion and remain bound to the catalyst long enough to allow the reaction to proceed. Such types of catalyst can therefore be considered to be "Gecko-friendly" catalysts, as illustrated in the [Figure 7](#fig7){ref-type="fig"}. This concept suggests that an improvement in the catalytic performance of an artificial catalyst can be achieved by increasing the size of the ligand via introducing numerous *t*-Bu groups or similar substituents capable of forming catalyst-substrate adducts stabilized by non-bonding interactions.Figure 7Gecko-Friendly CatalystA Gecko-friendly catalyst like **2a** (left) allows a substrate to remain bound to the catalyst through numerous London interactions long before the appropriate conformation for effectuating the reaction is achieved. Lack of Gecko-friendly structural elements in **2b** prevents the reaction that would be otherwise possible.

In summary, we have discovered a catalytic reaction in which the relative stabilities of the competing transition states are irrelevant for the handedness and order of enantioselection. Similar to natural enzymatic reactions, high enantioselectivity is achieved via the stereodivergent approach of the substrate to the reactive site of the catalyst. Initially, the encounter complex is formed, which later rearranges into active species capable for extremely rapid transformation into the product. This process occurs owing to the existence of an extensive network of C−H ··· H−C interactions provided by the numerous *t*-Bu groups of the DTBM-SegPHOS ligand. Stereoselectivity is induced by dramatic difference in the stabilities of the *S*- and *R*-pathways of the approaching substrate to the reactive site. The mechanism of stereoselection mimics highly efficient enzymatic transformations taking place in Nature.

The normal SegPHOS ligand lacking the *t*-Bu groups is unable to promote the same catalytic transformations. The extended network of C−H ··· H−C interactions is able to stabilize intermediates with significant charge separation, as is seen in the example concerning catalytic C-O bond cleavage reaction.

Limitations of the Study {#sec2.5}
------------------------

The results of a purely computational study are presented here. Evidently, experimental research on the catalyst-substrate interactions for large-sized artificial catalysts must be induced by our findings.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S4, Table S1, and Data S1
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[^1]: Lead Contact

[^2]: In all cases 0.0 kcal/mol is attributed to the energy of the corresponding pair 1 + 2.
